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We observe a maximum in the conductance of Aluminum
/ n-GaAs junctions at temperatures 20 mK lower than the su-
perconducting transition temperature. This is the first obser-
vation of a peak in the conductance near the superconducting
transition in superconducting normal junctions. To accom-
modate this effect we calculate the full temperature depen-
dence of the conductance of these structures, invoking quasi-
classical Green’s functions in the diffusive limit. In addition
to the well-known low temperature peak at temperatures on
the order of the Thouless energy, we find a maximum near
the critical temperature. This peak has the same origin as
the subgap conductance observed in superconducting-normal
junctions at low temperatures. Its calculated magnitude and
position are in reasonable agreement with our experimental
observation.
Pacs numbers: 72.10.Fk, 72.15.Gd
The study of transport properties of mesoscopic nor-
mal superconducting (N/S) structures has revealed a
number of novel features [1,2], including long-range,
phase-coherent transport, disorder-enhanced subgap con-
ductance [3] and a non-monotononic dependence of the
conductance on temperature (T ) and voltage (V ). Such
a non-monotonic dependence was first predicted in [4]
for a short point N/S contact of length L satisfying,
L2 << ~D/∆(0), where D is the diffusion coefficient and
∆(0) is the energy gap of the superconductor at zero tem-
perature. In Ref. [4] it was shown that G, as a function of
T or V , increases from Gn (Gn is the conductance in the
normal state) at T = 0 and V = 0, reaches a maximum
at T or eV of order ∆(T ) and then decreases to Gn as T
or V are increased further. In the opposite limit,
ǫL << ∆(0), (1)
where ǫL = ~D/L
2 is the Thouless energy, the conduc-
tance reaches a maximum when T or when eVm is of
order ǫL [5–9]. These predictions have stimulated many
experimental studies of the sub-gap conductance of S/N
systems and this low temperature maximum has been
observed in both short and long S/N structures [10–13].
In Refs. [14,15] it was predicted that besides the maxi-
mum ǫL, which is an energy scale distinct from ∆, a new
maximum in the conductance may appear near Tc when
∆(T ) is of order ǫL [16]. This new maximum arises from
an interplay between the two hitherto decoupled energy
scales, ǫL and ∆. Thus one can probe both the energy gap
∆(T ) in the superconductor and a pseudogap induced in
the normal region, at an easily accessible (viz. high) tem-
perature range. The pseudogap dependence on various
parameters such as the magnetic field and Coulomb inter-
action can then be tested against theoretical predictions
[17–19]. Until now however, this maximum has remained
experimentally elusive.
We present here the first experimental observation of
a maximum in the conductance of S/N and S/N/S struc-
tures in the vicinity of Tc. The structures measured are
of a coplanar geometry (Top Inset in Fig. 2; see also
Fig.1(B)) in which the separation between the super-
conducting contacts is larger than the coherence length
ξ =
√
~D/2πkBT ( D is the diffusivity) in the GaAs
layer. Our results for this structure are applicable in par-
ticular to the limit described by Eq. (1), although the
parameters and geometry are different than those used
in [14,15]. For the first time we identify a significant con-
ductance maximum near Tc, which occurs when ∆(T )
is roughly equal to ~D/d2 divided by the ratio of the
Al/GaAs interface resistance to the resistance through a
vertical portion of the conducting GaAs layer the thick-
ness of which is d.
The junctions were made of 200 nm Al deposited in-
situ in a molecular beam epitaxy chamber, on heavily
doped GaAs (the thickness of the heavily doped re-
gion is d = 150 nm) [20]. Conducting bars of width
W = 7, 9, 25µm were then patterned by an acid etch. Fi-
nally an aluminium strip of length L = 0.9 − 7µm was
removed by a second acid etch, thus defining the two con-
tacts (Top left Inset of Figure 2). The conductance was
then measured via a standard four terminal low frequency
(77Hz) ac lockin technique. The data presented in Fig.2
is the conductance of a junction patterned on a bar 7
microns wide with a contact separation of 0.9 microns.
The sample is characterized by the following parameters
[20]: the sheet resistances of the normal aluminium layer
and the doped semiconducting layer (at T = 1.5K) are
0.02 Ω and 90 Ω per square respectively. The interface
Al/GaAs-n resistance is RS/N ∼= 10
−7Ω·cm2, the average
carrier density in GaAs-n+ is 3.6×1018 cm−3 (it varies
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in that layer between 3×1018 - 5×1018cm−3) yielding the
diffusion coefficient D = 110·cm2/s. Thus the coherence
length ξ(T ) is 0.2(0.1) microns at T = 0.3(1.3) K, shorter
than the contact separation.
As Fig.2 shows, at the superconducting transition, the
conductance increases, reaching a maximum when the
temperature is 20 mK colder than the point at which the
conductance was first affected [21]. The trend is then re-
versed as the temperature is further decreased. Note that
a decrease in the conductance (increase in the resistance)
was earlier observed by Kleinsasser and Kastalsky [3] on
the Nb/InGaAs structure. We have observed the effect in
9 samples including both S/N and S/N/S junctions with
varying contact separations (0.9µm< L < 7µm) and the
bar width (W = 7, 19, 25µm). The magnitude of the con-
ductance enhancement at the transition divided by the
contact width W is of the same magnitude for all sam-
ples, thus confirming that it is a property of one S/N
junction.
To calculate the conductance variation of the struc-
tures shown in Fig. 1 (A,B). we assume the diffusive limit
and exploit a quasiclassical Green’s function technique
which has been well developed for studying transport in
S/N structures (see Ref. [2] and references therein). The
normalized conductance variation of the N’/N/S struc-
ture (N’ is the normal reserviour), δS = (Gs −Gn)/Gn,
is given by (see Ref. [22]),
δS = β
∫
dǫF ′V
1− < m−1 > +rN −
rN
ν(0) + rS −
rS
νSν(L)+b(L)
< m−1 > + rNν(0) +
rS
νSν(L)+b(L)
,
(2)
Here F ′V = 1/2[cosh
−2((ǫ+eV )β)+cosh−2((ǫ−eV )β)] is
the derivative of the distribution function in the N’ reser-
voir (we set the electric potential in S equal to zero),
β = (2T )−1, rN,S are the ratios of the N’/N and N/S
interface resistances to the resistance of the N layer.
The denominator represents contributions to the total
resistance at a given energy ǫ (or at a given voltage at
zero temperature). The first term in the denominator
< m−1 > describes the spatially averaged spectral re-
sistance of the N layer, which is decreased due to the
proximity effect. The second and third terms in the de-
nominator are the N’/N and N/S interface spectral resis-
tances. The terms ν and νS representing the DOS in the
N layer and the S reservoir lead to an increase of the N’/N
and N/S interface resistances. The function b represents
a factor contributing to the subgap conductance, which
may lead to a decrease of the S/N interface resistance.
All the functions in Eq. (2) are expressed in terms of the
retarded Green’s functions GR and FR in the N film as
< m−1 >= L−1
∫ L
0
dx ·m−1(ǫ, x),
m(ǫ, x) = [1 + |GR(ǫ, x)|2 + |FR(ǫ, x)|2]/2,
ν(ǫ, x) = ℜ
(
GR(ǫ, x)
)
νS = ℜ
(
GRs (ǫ, x)
)
= ℜ
(
(ǫ + iΓ)/
√
(ǫ+ iΓ)2 −∆2
)
b(ǫ, x) = ℑFR(ǫ, x) · ℑFRS (ǫ)
(3)
In order to calculate the conductance variation δS given
by Eq.(2), we need to find the Green’s functions GR and
FR. These functions obey the Usadel equation which
after parametrization GR = coshuR, FR = sinhuR ac-
quires the form,
∂2xxu
R − (kRǫ )
2 sinhuR = 0. (4)
where kRǫ =
√
(−2iǫ)/D. Eq. (4) is complemented by
boundary conditions (see for example [2]).
Eq. (4) can be solved analytically in two cases. The
simplest case corresponds to a weak proximity effect
when the Usadel equation can be linearised. This can be
done if the condition rS >> rN is satisfied. The second
case corresponds to a short structure [14]. We are in-
terested in energies of the order ǫS (see below) which are
much smaller than the critical temperature Tc. Hence the
relevant length scale in Eq.(4) LS =
√
~D/ǫS is longer
than the characteristic length for the Josephson effect
ξ =
√
~D/2πTc. In a short contact (that is, L < LS),
the solution of Eq. (4) is almost uniform along the layer
for energies of order ǫs, and has the form [14],
GR = ǫR/ξR, FR = ǫS/ξ
R (5)
where ǫR = ǫ(ζR + ǫS/∆) + iζ
RǫN , ǫS,N = ǫL/2rS,N ,
ζR =
√
1− (ǫ + i · Γ)2/∆2, ξR =
√
(ǫR)2 − ǫ2s,Γ is the
damping in the energy spectrum of the superconductor
S, and ǫL = ~D/L
2 is the Thouless energy. This solution
is valid provided that the conditions, ǫS/|∆ + i · ǫN | ·√
∆/Γ << {r2S , r
2
N} are fulfilled.
With the help of the functions {GR, FR}, one can
easily calculate all the functions in the expression for the
conductance δS using Eq.( 2). In calculating the conduc-
tance G with the help of Eq.(2), we used both analytical
and numerical solutions of the Usadel equation, Eq. (4).
We calculate the temperature dependence of the conduc-
tance for both types of structures shown in Fig.1. Our
results show that the maximum near Tc is not a specific
characteristic of a coplanar geometry (Fig.1(B)), but is
present in both cases and related to a contribution of
the subgap current to the conductance. It is worth also
mentioning that the position and amplitude of the maxi-
mum do not depend essentialy on the length of the struc-
ture (unless the Josephson effect becomes important in a
S/N/S structure). We distinguish the cases of long and
short contacts in order to make the theoretical analysis
more transparent.
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First we consider the structure shown in Fig1(A). It
turns out that the solution of the linearised Eq. (4) is a
good approximation even in the case of comparable in-
terface and N film resistances (rS and rN are of order
1). In Fig. 3 we plot the temperature dependence of the
normalised conductance variation δS = (G−Gn)/Gn for
a long S/N/S structure shown in Fig. 1(A) (here Gn is
the conductance of the system in the normal state). As
is seen from Fig. 3, a small maximum in δS appears at
a temperature which is very close to Tc and corresponds
to the value of ∆(T ) comparable with the Thouless en-
ergy ǫL. With decreasing temperature the conductance
variation decreases and becomes negative as it should be
if the interface resistance exceeds the resistance of the N
layer.
Using Eq.(5), we calculate the temperature depen-
dence of the conductance for the short structure shown
in Fig. 1(A) for different values of parameters and show
this dependence in Fig.4 (two lower curves). As in the
previous case of a long structure there is a small max-
imum near Tc. In this case the position of the maxi-
mum corresponds to ∆(T ) equal approximately to the
energy ǫS at which the DOS in the N layer has a maxi-
mum and below which the subgap conductance (b term
in Eq.(2)) is enhanced. With decreasing temperature the
conductance variation decreases and becomes negative.
The conductance variation δS may have a minimum and
a second maximum at lower temperatures (subgap con-
ductance). Preliminary measurements carried out at low
temperatures reveal a minimum in the conductance in
the temperature range 70 mK in qualitative agreement
with the theory. Analysing the energy dependence of dif-
ferent functions in the intergrand of Eq.(2), one can see
that both the low temperature maximum and the max-
imum near Tc are caused by a contribution of the term
b(ǫ) which describes the subgap charge transfer through
the S/N interface via Andreev reflection processes.
Consider now the coplanar structure (see Fig.1 (B)).
One can show that in this case the conductance vari-
ation is determined again by Eq.(2) with rS replaced
by r˜S =
√
RS/Nd/ρL2 and (νSν(L) + b(L)) replaced
by
√
m(νSν + b) (here ρ/d is the sheet resistance of the
semiconducting layer). In the case of a short structure
(r˜S & 1) all the functions in the expression for δS (ν,m
etc) are constant in space and given by Eq. (5) with ǫL
replaced by εd ≡ ~D/d
2. This means that in a copla-
nar structure εd plays the role of an effective Thouless
energy. Therefore the position of the maximum depends
on L weakly and is determined by the pseudogap εd/2rs
induced in the N layer beneath the superconducting elec-
trode.
In Fig.4 we present the temperature dependence of the
conductance variation δS near Tc for the coplanar struc-
ture with parameters close to the experimental ones. One
can again see that there is a maximum near Tc at a tem-
perature corresponding to ∆ ∼= 0.21ǫd.
The presented theoretical results qualitatively fit the
experimental data and give a reasonable quantitative
agreement. The normalized value of the peak δSmax ob-
served experimentally is about 10% and its position with
respect to the critical temperature is δTmax/Tc ∼= 0.015.
Theoretical values of δSmax vary from tenth of percents
(weak proximity effect) to 10% (strong proximity effect)
and values of δTmax/Tc vary from 10
−3 to 10−1. Estima-
tions of characteristic parameters for a coplanar struc-
ture give for r˜S , rS and ǫd the approximate values 0.2-5,
5-10 and 5 K respectively. Therefore the theoretical val-
ues for δSmax and δTmax/Tc are in reasonable agreement
with experimental data taking into account approxima-
tions made in the course of calculations (for example, in
case of S/N/S junctions, we neglect the Josephson effect
which seems to be suppressed by thermal fluctuations)
and uncertainties in the experimental value for the S/N
interface resistance.
To summarise, we have for the first time observed
a maximum in the conductance of mesoscopic diffusive
S/N, S/N/S structures in close vicinity of the critical
temperature. The maximum is caused by the contri-
bution of Andreev reflection processes to the pseudogap
conductance of the S/N interface. These processes are
the ones which lead to the subgap conductance at low
temperatures. Our calculation shows that the conduc-
tance will peak when the superconducting gap ∆(T ) is of
order of the subgap ǫd/2rS which is in reasonable agree-
ment with the experimental observation. Studies of this
maximum provide a new way to probe the effect of the
Coulomb interactions on the induced subgap in the semi-
conducting region. The theory and experimental data
presented here show that the maximum in the conduc-
tance near Tc is not related to non-stationary Josephson
effects.
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FIG. 1. The two structures considered in this pa-
per. (A) S/N/S and N’/N/S system, 1-D normal diffusive
wire in contact with a supercoducting reservoir and a nor-
mal/superconducting reservoir. (B) The coplanar structure.
FIG. 2. The conductance of junction 1 in the vicinity of Tc
Right Inset: The conductance at a wide temperature range for
three junctions, including 1 Top Left Diagram: The junction
structure.
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FIG. 3. Normalised
conductance variation δS vs normalised temperature for a
long S/N/S structure (Fig. 1(A)). The chosen parameters are
: rS = 2, rN = 1, 20ǫL = ∆(0), Γ = 0.03∆(0).
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FIG. 4. Normalised conductance variation δS vs nor-
malised temperature for a short N’/N/S structure (two lower
curves) and coplanar structure (upper curve). The param-
eters used are: Γ = 0.03∆(0), rS = rN = 5,∆(0) = 2ǫL
(dashed line); Γ = 0.03∆(0), rS = 5, rN = 8.33,∆(0) = ǫL
(solid line); Γ = 0.03∆(0), rS = 5, rN = 8.33,∆(0) = ǫd
(coplanar structure, dotted line). The maximum in the con-
ductance corresponds to a ∆ = 0.21ǫd.
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